The aim of this prospective observational pilot study was to observe the impact of orbital atherectomy (OA) on the coronary microcirculation via coronary flow reserve (CFR) measurements. Fifteen subjects who had successful OA and stent placement with no procedural complication were enrolled at 3 hospitals in the U.S. Baseline and hyperemic velocities were 16 ± 5.2 and 36 ± 14 cm/sec, respectively. The average CFR post-procedure was within the normal range at 2.23 ± 0.33. The observation of normal CFR following OA may be attributed to the orbital action of the device that allows for continuous flow during treatment, minimizing a bolus embolization effect which can impact microvascular function.
INTRODUCTION
Percutaneous coronary intervention (PCI) therapies have been shown to yield successful outcomes in even the most complex interventional procedures [1] . Despite advances in equipment and technique, however, there are complex patient populations who remain challenging to treat. For example, an increased amount of calcium is associated with a higher incidence of major adverse cardiac events (MACE) when compared with non-calcified lesions [2] . Additionally, lesion calcification has been associated with vessel dissection during PCI [3] , un-dilatable lesions [4] , failure to deliver a stent and balloon ruptures [5] .
Unlike PCI and stenting techniques in which the calcified lesion is cracked and the stenotic lesion materials are crushed into the arterial walls, atherectomy procedures reduce lesion substrate, particularly Open Access J. Biomedical Science and Engineering the calcified portions of the lesion [6] . Atherectomy vessel preparation and lesion modification, as opposed to simple balloon displacement of stenotic material, could potentially lead to reduced acute vascular trauma, lessen the stimulus for neointimal hyperplasia, and facilitate stent delivery and expansion [6] [7] [8] [9] . Adequate plaque preparation or modification may improve both acute and long-term outcomes in subjects with complex lesions, especially heavily calcified lesions [10, 11] . Unfortunately, reduced flow and no reflow are complications known to be associated with such approaches, specifically with rotational atherectomy (RA; Rotablator Rotational Atherectomy System; Boston Scientific; Marlborough, MA) and may indicate dysfunction of the coronary microcirculation post treatment [12] .
Considering the crucial role that the coronary microcirculation plays in maintaining healthy cardiac function, it is imperative that such abnormalities be readily identified [13] . The measurement of intracoronary Doppler-derived coronary flow velocity is a useful tool to aid in elucidation of coronary flow reserve (CFR) after a PCI procedure. This approach can reveal the functional status of the coronary microcirculation, regardless of the apparent state of myocardial perfusion suggested by angiographic imaging [14] .
This pilot study is the first published observations regarding the impact of Diamondback 360˚ Coronary Orbital Atherectomy System (OA; Cardiovascular Systems, Inc.; St. Paul, MN) on coronary microvasculature function.
METHODS

Study Design
The Coronary Flow Reserve Following Orbital Atherectomy Study was sponsored by Cardiovascular Systems, Inc. The study was conducted according to the principles expressed in the Declaration of Helsinki and was approved by each institutional review/ethics committee (ClinicalTrials.gov Identifier: NCT02339545 and Clinical Trial Registration: https://clinicaltrials.gov/ct2/show/NCT02339545). Since this was an observational single arm pilot study, no power calculations were utilized to determine sample size. The investigators decided to enroll 5 subjects from each of the three sites, totaling 15 subjects. The Diamondback Coronary Orbital Atherectomy System device ( Figure 1 ) and mechanism of action has been described previously [6] .
Key Inclusion and Exclusion Criteria
Key inclusion criteria required subjects to be scheduled for percutaneous coronary intervention involving stent deployment of de novo coronary lesions; subjects must have severe coronary calcification > 15 mm, vessel diameter > 2.5 mm and have had successful coronary stent placement with no procedural complication; subjects must have at least one unobstructed (≤40% luminal narrowing) and technically accessible coronary artery in a non-bypass grafted vessel into which a commercially available device that measures CFR could be introduced.
Key exclusion criteria included previous myocardial infarction of the target vessel; chronic renal failure or a serum creatinine level > 2.5; previous coronary artery bypass surgery; more than 1 lesion requiring intervention; target vessel has angiographically visible or suspected thrombus; target lesion is a bifurcation. Each included target lesion was treated with coronary OA followed by stent placement.
Observational Endpoint 1: Coronary Flow Reserve
The orbital atherectomy and stenting procedure was considered successful if there was no residual stenosis in the index vessel > 50% diameter and there were no complications related to the index stent placement. Successful cases then underwent CFR measurement. A FloWire ® Doppler Guide Wire (Volcano Corporation; Rancho Cordova, CA) was advanced a minimum of 2 cm distal to the stent. Intracoronary nitroglycerine was administered, and after obtaining a stable signal, coronary blood flow velocity was continuously monitored. J. Biomedical Science and Engineering Baseline and hyperemic coronary flow measurements were recorded in the index vessel. Subjects received escalating doses of intracoronary adenosine to establish their maximal coronary blood flow velocity. All velocity measurements were repeated at least twice and recorded. If the CFR values were not ≥2, the operator then checked CFR in a non-stenotic vessel to allow calculation of a relative CFR.
CFR was calculated from coronary blood flow velocity measurements, which were derived from Doppler-velocity wire data recorded in real time via a dedicated console [15] . The average peak velocity (APV) at baseline (APVb), and peak hyperemia (APVp) were automatically determined by integrated software.
CFR is classically measured as a ratio of two volumetric blood flow measures. Volumetric flow is the product of the flow velocity and the cross-sectional area of the vessel. Since the Doppler wire position is unchanged when measuring baseline and hyperemic velocities, and since adenosine does not induce epicardial vasodilation, the area of the vessel is assumed to be unchanged. Thus, the CFR formula utilized was
In cases where CFR was <2.0 and a non-stenotic vessel was also assessed, a relative CFR was determined as the ratio of CFR in the index vessel to CFR in the non-stenotic vessel. Data are expressed as mean ± one standard deviation. CFR data were analyzed by an independent core lab (Technology Solutions Group, Moreland Hills, OH).
Observational Endpoint 2: In-Hospital Major Adverse Cardiac Events
MACE during hospitalization was defined as cardiac death, acute myocardial infarction (Q wave or non-Q wave), and target vessel revascularization. MACE was measured at 24 hours or at discharge, whichever was earlier.
RESULTS
Patient and Procedure Characteristics
Between July 2015 and May 2016, fifteen consecutive patients were enrolled at 3 hospitals in the U.S. Key baseline demographics for the subjects and lesions are shown in Table 1 .
Procedural Outcomes
No MACE occurred in any of the 15 patients (Table 2) , nor were there any episodes of slow flow, no-reflow, or hypotension observed. In addition, the average stenosis was reduced to 1.1% ± 4.0% post-procedure (Table 2) . Values are mean ± standard deviation or n/N (%). APVb and APVp readings were measured after each index procedure (OA + stent) in the 15 subjects and valid readings were used to calculate CFR. Only 8 of the 15 subjects resulted in valid velocity and CFR measurements related to the OA + stent treatment; therefore, 7 subjects were excluded from the final CFR analysis. Briefly, four of the subjects were excluded by the core lab due to poor quality APVb and/or APVp readings. An additional two subjects were excluded per the protocol-the relative ratio of index/normal vessel CFR yielded a value of approximately 1.0 (i.e. these patients presumably had intrinsic microvascular dysfunction, unrelated to the OA + stent intervention). Lastly, one additional subject was excluded due to missing data (malfunction of the measuring device), as reported by the operator.
The overall mean post-procedural APVb, APVp, and CFR (ratio) were 16 ± 5.2 cm/s, 36 ± 14 cm/s, and 2.23 ± 0.33, respectively, for the final 8 subjects included in CFR analysis (Table 2 ).
DISCUSSION
Recent evidence has demonstrated that functional abnormalities, including those caused by PCI [16] , can result in abnormal coronary microvascular function. Diminishment of CFR may have significant acute and chronic physiological consequences. For example, increases in creatine kinase (CK > 1x ULN) and cardiac troponin T markers were shown to occur at a rate 6x and 9x higher, respectively, in patients who experienced persistent CFR depression after PCI than those who did not. This strongly indicates the presence of myocardial injury and suggests procedural embolization of atherothrombotic debris as a potential underlying mechanism [17] .
Unlike previous studies showing depressed CFR post RA treatment [12] , the results shown here indicate a mean CFR reading in the normal range (>2.0) post OA treatment, as well as a zero incidence of slow flow/no-reflow complications. These results are consistent with the ORBIT II study (Evaluate the Safety and Efficacy of OAS in Treating Severely Calcified Coronary Lesions) that showed very low rates of persistent slow-flow/no-reflow after OA, as well as low rates of Q-wave and non Q-wave myocardial infarction rates [10] . These results may be due to the orbital action of the device that allows for continuous flow during treatment, minimizing a bolus embolization effect which can impact microvascular function [6] .
Lastly, recent research comparing OA versus RA utilizing another measure of coronary microvascular function called index of myocardial resistance (IMR) indicated significantly lower IMR in the OA group compared to the RA group, suggesting preserved microvascular function post OA [18] . The CFR observational pilot study reported herein and the recent IMR results has generated the hypothesis that OA results in better microvasculature function post treatment than RA. To test this hypothesis, the prospective ORACLE (Comparison of Orbital Versus Rotational Atherectomy Effects on Coronary Microcirculation in PCI) randomized control trial (n = 40) was designed and is currently enrolling subjects. The ORACLE trial will use IMR, post-procedural cardiac enzymes, and cardiac MRI to assess microvascular abnormalities after atherectomy (ClinicalTrials.gov Identifier: NCT03021577).
This was a small, non-randomized, pilot study designed only for observational and hypothesis generating evidence. In addition, neither comparison with RA nor PCI without atherectomy was performed. All procedures were performed by four operators at three institutions, and, thus, results may not be generalizable to all medical centers and operators considering a difference in training and expertise. Randomized trials are needed to clearly determine the impact of OA on coronary microvascular function compared to other PCI techniques.
CONCLUSION
The observation of normal CFR post OA may be attributed to the orbital action of the device that allows for continuous flow during treatment, minimizing a bolus embolization effect which can impact microvascular function.
